The use of cancer vaccines attempts to harness the exquisite power and specificity of the immune system for cancer treatment[@b1]. The crucial point for cancer vaccines is the inclusion of an appropriate adjuvant (composed of immunopotentiators and delivery systems) to trigger an antitumor immune response (includes innate and adaptive immune responses)[@b1][@b2], because tumor cells (i) show reduced antigen presentation; and (ii) downregulate the immune responses of the body[@b1][@b3].

Pathogen-associated molecular patterns (PAMPs) are one of the most potent classes of immunopotentiating adjuvants. In particular, a hydrothermal extract of a human tubercle bacillus (HTB) has been studied for several decades for its clinical application to cancer therapy following radiation therapy; it is clinically used to recover leucocytes of cancer patients after radiation therapy. HTB is a mixture composed mainly of several polysaccharides[@b4]; it exhibits an immunostimulatory effect, exerts an antitumor response[@b5][@b6] and inhibits tumor metastasis[@b7]. For example, HTB induces the production of interleukin (IL)-12, IL-2, interferon (IFN)-γ[@b8], colony-stimulating factor (CSF) and IL-3, activates macrophages, improves T cell responses from type 2 helper T cells (Th2, antibody immunity) to type 1 helper T cells (Th1, cell-mediated immunity) response and restores the balance of Th1/Th2 cell responses[@b8]. However, unprocessed HTB is rapidly degraded in the extracellular environment and not efficient for use as a cancer adjuvant alone.

To enhance the immunopotentiating effect of HTB, a promising strategy is to achieve a sustained release of HTB using a delivery system[@b9][@b10][@b11][@b12][@b13], through which a synergistic effect between the principal components of adjuvants, i.e., the immunopotentiator and delivery system, is achieved. As for the conventional vaccine for human use, alum and calcium phosphate, have been approved by many countries. Calcium phosphate is a safe material for a delivery system, since it is a normal constituent of the body, and is well tolerated and readily resorbed by the body[@b14]. However, for cancer vaccines, the immunopotentiating property of calcium phosphate remains unsatisfactory. Thus it is possible to use tricalcium phosphate (TCP) as a material for the delivery system in two ways: one is as a carrier (vehicle) of HTB and the other is as a reservoir of biologically active elements, especially divalent cations.

Zinc (Zn) is an essential trace element in the human body. It promotes the activity of antigen presenting cells (APCs), such as macrophages[@b15], and Th1 cell responses[@b16]. Magnesium (Mg) is the fourth major cation in the human body and the second most prevalent intracellular cation. It plays important roles in determining the characteristics of macrophages, such as the regulation of cellular morphology, lysosomal enzyme release and phagocytosis[@b17]. Since both Zn and Mg can be easily incorporated in the crystal structure of TCP[@b18][@b19][@b20], the delivery of Zn and Mg to APCs should be possible with TCP. In this study, we hypothesized that Zn-, and Mg-containing TCPs (Zn-TCP and Mg-TCP, respectively) act as promising delivery systems for the hydrothermal extract of HTB and are more effective immunopotentiating adjuvants than a simple composite of HTB and TCP.

Results
=======

Characterization of TCP, Mg-TCP and Zn-TCP before and after loading HTB
-----------------------------------------------------------------------

[Figure 1](#f1){ref-type="fig"} shows the XRD patterns of TCP, Mg-TCP or Zn-TCP powders. No extra reflection peaks attributed to impurity phases appeared in the XRD patterns of Mg-TCP and Zn-TCP powders. The substitution of Mg^2+^ or Zn^2+^ for Ca^2+^ in the TCP structure was confirmed by positional shifts of the diffraction peaks toward a higher angle, which corresponds to decreases in lattice constants with increasing Mg or Zn content. All the powders loaded with HTB containing supersaturated calcium phosphate solution showed no detectable change compared with those before loading, because the peaks attributed to coprecipitated apatite were broad and extremely weak owing to the small quantity and low crystallinity of apatite (data not shown).

[Figures 2](#f2){ref-type="fig"} and [S2--S4](#s1){ref-type="supplementary-material"} show the hydrodynamic radius of TCP, Mg-TCP and Zn-TCP particles measured by the dynamic light scattering technique. The average hydrodynamic radii of TCP, Mg-TCP and Zn-TCP particles were approximately 500--600 nm at various incidence angles of the laser (from 30--100°). These results suggest that the size of the particles was uniform in every direction. [Figure S5](#s1){ref-type="supplementary-material"} shows the EDX spectra of TCP, Mg-TCP and Zn-TCP powders. Mg and Zn peaks were obviously observed in Mg-TCP and Zn-TCP powders, respectively. Because the doped amounts of Mg or Zn are low, the peaks of Ca, P and O were similar. The intensity of Mg and Zn increased with increase of Mg and Zn content in Mg-TCP or Zn-TCP powders, respectively. The EDX is not a precise method to quantitatively analyze the element contents. The contents of Mg and Zn in Mg-TCP and Zn-TCP powders were further analyzed by ICP ([Table S1](#s1){ref-type="supplementary-material"}). The Zn to Ca mol ratio in Zn1, Zn1.5, Zn3 and Zn6.8 was 0.93% ± 0.01%, 1.32% ± 0.03%, 2.91% ± 0.02% and 6.40% ± 0.02%, respectively. The Mg to Ca ratio in Mg1, Mg1.5, Mg3 and Mg6.8 was 0.88% ± 0.1%, 1.49% ± 0.02%, 2.98% ± 0.05% and 6.52% ± 0.05%, respectively. The zeta potentials of TCP, Mg1.5 and Zn1.5 particles were evaluated as −14.11, −17.16 and −18.32 mV, respectively, from the electric mobility distributions of these particles, as showed in [Fig. 3](#f3){ref-type="fig"}. The solutions of TCP, Mg1.5 and Zn1.5 particles may be unstable. Therefore, before loading HTB, the solutions of TCP, Mg1.5 and Zn1.5 particles were dispersed with ultrasonic for 1 h. Moreover, during the process of loading HTB onto the various TCP powders, the reaction was conducted under continuous stirring at a speed of about 200 rpm.

[Figure 4](#f4){ref-type="fig"} shows FESEM images of typical TCP, Mg-TCP and Zn-TCP powders before and after being loaded with HTB. Before loading, the powders consisted of round grains with a smooth surface. After loading, the powder exhibited a relatively rough surface, probably owing to the initial dissolution on grain surfaces and at grain boundaries, and the subsequent formation of nanosized precipitates.

[Figure S6](#s1){ref-type="supplementary-material"} show the FTIR spectra of the samples. HTB showed the C-H stretching vibration at 2926 cm^−1^, amide I (mainly C = O stretching vibration) at 1600--1660 cm^−1^ and amide II (mainly N--H bending vibration) at 1480--1570 cm^−1^. TCP showed its characteristic absorption bands of the ν~4~ PO~4~ mode at 500--650 cm^−1^ and those of the ν~3~ PO~4~ mode at 900--1200 cm^−1^. TCP after immersing in RSM without HTB (T-Ap) showed additional absorption bands at about 870 and 1390--1590 cm^−1^. TCP after immersing in HTB-containing RSM (T-Ap-HTB) exhibited broad adsorption bands at 2926 cm^−1^ (mainly C--H stretching vibration), 1480--1700 cm^−1^ (mainly C = O stretching vibration and N--H bending vibration) and 1330--1500 cm^−1^ (mainly CO~3~^2−^ vibration), which suggests the coprecipitation of HTB and the formation of CO~3~^2−^-substituted apatite on the TCP particles. The other samples after immersing in HTB-containing RSM, such as Mg1-Ap-HTB, Mg1.5-Ap-HTB, Mg3-Ap-HTB, Mg6.8-Ap-HTB, Zn1-Ap-HTB, Zn1.5-Ap-HTB, Zn3-Ap-HTB and Zn6.8-Ap-HTB, all showed similar adsorption bands to T-Ap-HTB.

In the RSM, the concentrations of TCP, Zn-TCP or Mg-TCP particles were all fixed to be 0.15 mg/mL. After coprecipitation, the amount of newly formed apatite was calculated as 0.06--0.08 mg per 0.15 mg of particles with a Ca/P molar ratio of 1.6--1.8 regardless of the Mg or Zn content of the particles, according to the assay using ICP spectrophotometry. It was inferred that 10 \~ 20% HTB in the RSM coprecipitated with the newly formed apatite on Zn-TCP and Mg-TCP.

*In vitro* immunogenic activity of T-Ap-HTB, Mg-Ap-HTB, and Zn-Ap-HTB adjuvants
-------------------------------------------------------------------------------

[Figure 5](#f5){ref-type="fig"} shows the amount of GM-CSF secreted by macrophage-like cells in the original culture medium as well as in the culture media containing unprocessed HTB, lipopolysaccharide (LPS), T-Ap-HTB, Mg-Ap-HTB, and Zn-Ap-HTB. The original culture medium, and unprocessed HTB-containing and LPS-containing culture media were used as controls. Only negligible immunogenic activity was observed for unprocessed HTB since there was no difference in GM-CSF concentration between the original culture medium and the medium with unprocessed HTB. As a whole, Mg-Ap-HTB and Zn-Ap-HTB enhanced GM-CSF secretion by the macrophage-like cells compared with T-Ap-HTB. Zn1.5-Ap-HTB induced the highest GM-CSF secretion level at 1 μg/mL. Meanwhile, Mg1.5-Ap-HTB induced the second highest GM-CSF secretion level at 1 μg/mL.

The immunogenic activity test of Mg-Ap-HTB and Zn-Ap-HTB adjuvants was repeated in the absence of LPS, and T-Ap-HTB. Similar with [Figure 5](#f5){ref-type="fig"}, Mg-Ap-HTB and Zn-Ap-HTB enhanced GM-CSF secretion by the macrophage-like cells compared with unprocessed HTB. Mg1.5-Ap-HTB and Zn1.5-Ap-HTB induced the higher GM-CSF secretion level compared with TCP, Zn-, and Mg-TCPs with different Mg or Zn contents (data not shown). Thus, Mg1.5-Ap-HTB and Zn1.5-Ap-HTB were selected for the subsequent in vivo immunogenic activity test.

Cytotoxicity of T-Ap-HTB, Mg-Ap-HTB, and Zn-Ap-HTB adjuvants
------------------------------------------------------------

[Figure 6](#f6){ref-type="fig"} shows the *in vitro* viabilities of the macrophage-like cells cultured in the original culture medium as well as in the culture media containing T-Ap-HTB, Mg-Ap-HTB, and Zn-Ap-HTB adjuvants. Below 10 μg/mL, T-Ap-HTB, Mg-Ap-HTB, and Zn-Ap-HTB adjuvants did not significantly affect the viability of the macrophage-like cells as compared with the original culture medium. According to the results, the cytotoxicity of the adjuvants was negligible at a particle concentration below 10 μg/mL.

Ion release
-----------

[Figures S7 and S8](#s1){ref-type="supplementary-material"} show the Ca, P, Mg or Zn concentrations of ultrapure water after immersing T-Ap, Zn-Ap, or Mg-Ap particles at particle concentrations of 1, 4 and 10 μg/mL for 5, 20 and 42 h. With an increase in the Mg content of Mg-Ap and an increase in particle concentration, the amount of Mg^2+^ released increased. However, the increase in the Mg content of Mg-Ap was associated with decreases in the amounts of Ca and P released. With an increase in immersion time, Mg^2+^ concentration also increased. Zn-Ap showed similar trends to Mg-Ap.

*In vivo* immunogenic activity and cytokine secretion in mice spleen
--------------------------------------------------------------------

For the *in vivo* immunogenic activity test, Mg1.5-Ap-HTB and Zn1.5-Ap-HTB adjuvants were used depending on the *in vitro* results. T-Ap-HTB and unprocessed HTB were also examined as controls in this study. The *in vivo* test was done twice.

At the first time, the test was carried out using 20 mice in total (6-week-old, female, C57BL/6J, CLEA Inc., Japan). The mice were randomly divided into 4 groups (5 mice per group) according to the type of sample to be injected. There were no critical differences among different groups for the volumes of tumors formed in the injection site 10 days after the first injection of LLC cells. The tumor volumes were approximately 50--250 mm^3^ ([Fig. S9](#s1){ref-type="supplementary-material"}). Eight days after the re-challenge of LLC cells, tumor formation was observed in all groups. The inhibitory ratio against tumor formation in different groups was calculated. On the 8th day, the highest inhibitory ratio against tumor formation was achieved in the Zn1.5-Ap-HTB group (80%). The inhibitory ratios of tumor formation for the groups of unprocessed HTB, T-Ap-HTB and Mg1.5-Ap-HTB were 40, 60 and 60%, respectively. On the 12th day, the inhibitory ratio against tumor formation was still higher for Zn1.5-Ap-HTB group than for the other groups. On the last day of the observation (29th day), the inhibitory ratio against tumor formation remained 60% for the Zn1.5-Ap-HTB group, while those of the other groups simultaneously decreased to 20% ([Fig. S10](#s1){ref-type="supplementary-material"}). The final mean tumor volumes for the unprocessed HTB, T-Ap-HTB, Mg1.5-Ap-HTB and Zn1.5-Ap-HTB groups were 694.0 ± 584.4, 14.3 ± 13.8, 293.1 ± 324.9 and 4.8 ± 10.7 mm^3^, respectively ([Fig. S11](#s1){ref-type="supplementary-material"}). The degree of secretion of GM-CSF, IL-2, TNFα, IL-12 and IFNγ in the mouse spleen after the re-challenge of LLC cells was measured using ELISA kits. Although the Zn1.5-Ap-HTB and Mg1.5-Ap-HTB groups showed higher amount of GM-CSF, IL-2, TNFα, IL-12 and IFNγ in mouse spleen than unprocessed HTB and T-Ap-HTB group, no significant difference was observed due to the small amount of mice numbers in each group (data not shown).

To further confirm the immunogenic activity of the adjuvant, the experiment was repeated. At the second time, the test was carried out using 48 mice in total (6-week-old, female, C57BL/6J, CLEA Inc., Japan). The mice were randomly divided into 4 groups (12 mice per group) according to the type of sample to be injected. There were no critical differences among different groups for the volumes of tumors formed in the injection site 7 days after the first injection of LLC cells. The tumor volumes were approximately 110--200 mm^3^ ([Fig. S12](#s1){ref-type="supplementary-material"}). This result suggested that the innate immunities of all the mice against LLC cells were almost same and that individual differences in innate immunity were negligible. Nine days after the re-challenge of LLC cells, the highest inhibitory ratio against tumor formation was achieved in the Zn1.5-Ap-HTB and Mg1.5-Ap-HTB group (66.7%, [Fig. 7](#f7){ref-type="fig"}). On the 9th day, the inhibitory ratios of tumor formation for the groups of unprocessed HTB and T-Ap-HTB were 16.7 and 25%, respectively. On the last day of the observation (29th day), the inhibitory ratio against tumor formation was 40% for the Zn1.5-Ap-HTB group, 33.3% for Mg1.5-Ap-HTB group, 16.7 for T-Ap-HTB group and 8.3% for unprocessed HTB group ([Fig. 7](#f7){ref-type="fig"}). The final mean tumor volumes for the unprocessed HTB, T-Ap-HTB, Mg1.5-Ap-HTB and Zn1.5-Ap-HTB groups were 565 ± 489, 370 ± 330, 122 ± 103 and 94 ± 138 mm^3^, respectively ([Fig. S13](#s1){ref-type="supplementary-material"}). The degree of secretion of GM-CSF, IL-2, TNFα, IL-12 and IFNγ in the mouse spleen after the re-challenge of LLC cells was also repeated ([Fig. 8](#f8){ref-type="fig"}). The Zn1.5-Ap-HTB and Mg1.5-Ap-HTB groups showed high GM-CSF, IL-2, TNFα, IL-12 and IFNγ amounts in mouse spleen. The Zn1.5-Ap-HTB group showed significantly higher GM-CSF, IL-2, TNFα, IL-12 and IFNγ amounts in mouse spleen than unprocessed HTB and T-Ap-HTB group ([Fig. 8](#f8){ref-type="fig"}). From the viewpoint of the inhibitory effect of tumor growth as one of the immunological functions, Zn-Ap-HTB and Mg-Ap-HTB showed promise as an adjuvant for preventing tumor recurrence in cancer immunotherapy.

Discussion
==========

The Zn-TCP- and Mg-TCP-based adjuvants (Zn-Ap-HTB or Mg-Ap-HTB adjuvants) markedly induced *in vitro* GM-CSF secretion by the macrophage-like cells, and the Zn-TCP-based adjuvant most efficiently inhibited *in vivo* tumor development using re-challenged LLC cells in combination with a liquid-nitrogen-treated autologous tumor tissue. Possible reasons for the marked efficiency of Zn-Ap-HTB or Mg-Ap-HTB adjuvants include the presence of particles as depots of HTB as the immunopotentiator, the release of Zn (or Mg) ions and the decrease in the solubility of tricalcium phosphate with the addition of Zn (or Mg) ions, all of which may subsequently result in an increase in the degree of secretion of cytokines (e.g., GM-CSF, IL-2, TNFα, IL-12 and IFNγ) and the increase in cell-mediated immunity.

Using an HTB-containing supersaturated calcium phosphate solution, HTB-apatite composites were formed on the surface of Zn-TCP and Mg-TCP by consuming calcium and phosphate ions ([Figs. 4](#f4){ref-type="fig"} and [S6](#s1){ref-type="supplementary-material"}). HTB is considered to precipitate on the surface or in interstices of apatite to from HTB-apatite composites[@b21][@b22][@b23][@b24][@b25]. The presence of Zn or Mg in TCP affects the coprecipitation of apatite in two ways. One is that the release of Zn or Mg from TCP particles would inhibit the precipitation of low-crystallinity apatite[@b26]. The other is that, the presence of Zn or Mg leads to a decrease in the solubility of tricalcium phosphate[@b19][@b20], thus facilitating the precipitation of low-crystallinity apatite on Zn-, and Mg-TCP compared with that on pure TCP.

The release of Zn^2+^ or Mg^2+^ from the Zn-Ap-HTB or Mg-Ap-HTB adjuvant promoted GM-CSF secretion by the macrophage-like cells *in vitro* and inhibited the development of the re-challenged tumor *in vivo* ([Figs. 5](#f5){ref-type="fig"}, [7](#f7){ref-type="fig"} and [S10--S13](#s1){ref-type="supplementary-material"}). With 1--10 μg/mL Zn, and Mg-TCP particles in ultrapure water, the amount of Zn or Mg released is 0 \~ 0.055 or 0 \~ 0.02 ppm ([Figs. S7 and S8](#s1){ref-type="supplementary-material"}), respectively. Zn depletion causes immune cell dysfunctions, while Zn supplementation can either restore the function in the setting of dysfunction or improve normal immune cell function[@b15][@b27][@b28]. For example, Zn positively mediates the gene expressions of IL-2 and IFN-γ in the Th1 cell line[@b16]. On the other hand, Zn deficiency adversely affects T cell proliferation, decreases the production of Th1 cell cytokines, such as IFN-γ, IL-2, and TNF-α, shifts the Th1 response to the Th2 response and results in an imbalance in the Th1/Th2 cell response[@b27][@b29]. Therefore, the results shown in [Fig. S8](#s1){ref-type="supplementary-material"} can reasonably explain the high degree secretion of cytokines for cell-mediated immunity in the Zn1.5-Ap-HTB-injected mice. Mg plays an important role in determining the characteristics of macrophages, such as morphology, lysosomal enzyme release and phagocytosis[@b17].

The decrease in the solubility of TCP with the substitution of Zn^2+^ or Mg^2+^ is another reason for the increase in the degree of *in vitro* GM-CSF secretion from the macrophage-like cells and for the *in vivo* inhibition of the development of the re-challenged tumor ([Figs. 5](#f5){ref-type="fig"}, [7](#f7){ref-type="fig"} and [S10--S13](#s1){ref-type="supplementary-material"}). The equilibrium solubility of Mg-TCP (or Zn-TCP) decreased with increasing Zn (or Mg) content[@b19][@b20]. The decrease in solubility can be attributed to the increased stability of the TCP structure caused by the substitution of Zn^2+^ or Mg^2+^. The decrease in solubility facilitates macrophage activation. For example, HA particles of low solubility caused a stronger induction of GM-CSF secretion from human peripheral blood mononuclear cells (with the potential to differentiate to macrophages and dendritic cells) than beta-TCP particles of high solubility[@b30].

The surgically removed tumor tissue was treated with liquid nitrogen to utilize it as an autologous tissue antigen. The treatment of a tumor tissue with liquid nitrogen in this study can be easily replaced with cryosurgery in clinical application, which is a highly efficient, minimally invasive method by the in situ freezing of tumor tissue. The proteins released from the liquid-nitrogen-treated tumor tissue may initiate a specific antitumor immune response, induce the tumor regression and inhibit secondary growth of the tumor[@b31]. However, note that both immunostimulatory and immunosuppressive responses may be triggered by the liquid-nitrogen-treated tumor tissue depending on the type of cytokine released by APCs and other cells within the microenvironment[@b31]. In this study, the Zn-Ap-HTB and Mg-Ap-HTB adjuvants significantly stimulated the secretion of cytokines (e.g., GM-CSF, IL-2, TNFα, IL-12 and IFNγ) in the mouse spleen ([Fig. 8](#f8){ref-type="fig"}), which trigger the immunostimulatory response against tumors through cell-mediated immunity. In more detail, GM-CSF can increase the number of immature DCs at injection sites, stimulate DC recruitment and maturation and enhance tumor immunogenicity, thus stimulate antitumor immune responses[@b32]. IL-2 is necessary for the development of T cell immunologic memory, which depends on the improvement in the number and function of antigen-selected T cell clones[@b33][@b34]. TNF-α can induce apoptotic cell death and inflammation, and inhibit tumorigenesis[@b35][@b36]. IL-12 is a T cell-stimulating factor that stimulates the growth and function of T cells, as well as the production of IFNγ and TNFα from T, and mediates the enhancement of the cytotoxic activity of NK cells and CD^8+^ cytotoxic T lymphocytes[@b37]. IFN-γ has immunoregulatory and antitumor properties. In conjunction with TNF, IFN-γ has direct cytotoxic effects on tumor cells[@b38].

Note that the stimulatory effects of HTB and Zn-TCP or Mg-TCP on immune cells are concentration-dependent: an initial increase in the concentration of HTB and Zn-TCP or Mg-TCP induces cytokine production by macrophages, but further increase has an opposite effect. Note that the long-term administration of HTB at a high dose results in a weaker antitumor effect and a shorter survival time in the case of stage IIIb cervical cancer than that at a low dose[@b39]. Similarly, the effects of Zn on immune functions strongly depend on its concentration[@b40]. An initial increase in Zn concentration induces an improvement in monocyte and T-cell functions, but further increase in concentration leads to suppression[@b40]. Therefore, the doses of HTB, Zn and Mg in the Zn-Ap-HTB and Mg-Ap-HTB adjuvants should be further studied to optimize antitumor immune stimulation.

To conclude, Zn-Ap-HTB and Mg-Ap-HTB adjuvants were prepared by immersing Zn-TCP and Mg-TCP in HTB-containing supersaturated calcium phosphate solutions. The Zn-Ap-HTB and Mg-Ap-HTB adjuvants, particularly the Mg1.5-Ap-HTB and Zn1.5-Ap-HTB adjuvants, strongly induced *in vitro* GM-CSF secretion by macrophage-like cells. The Zn1.5-Ap-HTB and Mg1.5-Ap-HTB adjuvants combined with liquid-nitrogen-treated tumor tissue elicited a more potent systemic antitumor immunity that inhibited the *in vivo* development of a re-challenged tumor than T-Ap-HTB adjuvants and unprocessed HTB. Thus, Zn-Ap-HTB and Mg-Ap-HTB adjuvants may be effective for cancer immunotherapy for inhibiting tumor recurrence.

Methods
=======

TCP, Mg-TCP and Zn-TCP particle preparation
-------------------------------------------

The starting materials for preparing various TCP powders were powders of pure βTCP, Mg-TCP with 6.8 mol% Mg and Zn-TCP with 11.8 mol% Zn. Mg-TCP (1.0, 1.5, and 3 mol% Mg) and Zn-TCP (1.0, 1.5, 3, and 6.8 mol% Zn) powders were prepared by mixing pure βTCP powder with either Mg-TCP with 6.8 mol% Mg or Zn-TCP with 11.8 mol% Zn, and then grinding and heating the mixture at 850°C for 1 h. The obtained powders were designated as Mg1, Mg1.5, Mg3, Zn1, Zn1.5, Zn3 and Zn6.8, respectively. Pure βTCP powder and Mg-TCP with 6.8 mol% Mg were also treated by the same procedure and designated as T and Mg6.8, respectively.

Loading hydrothermal extract of a human tubercle bacillus (HTB) on TCP, Mg-TCP and Zn-TCP powders
-------------------------------------------------------------------------------------------------

All the solutions used for loading the hydrothermal extract of HTB on TCP, Mg-TCP and Zn-TCP powders were infusion fluids clinically available in Japan. The hydrothermal extract of HTB (Ancer® S.C. Injection solution, Zeria Pharma Co., Ltd., Japan) was aseptically concentrated five times in a water bath at 100°C before use (hereafter, the solution is labeled as five-times-concentrated Ancer). Ringer\'s solution (Otsuka Pharmaceutical Co., Ltd, 2.25 mM Ca^2+^), Solita®-T No. 2 (Ajinomoto Pharmaceuticals Co., Ltd., Japan, 10 mM PO~4~^3−^) and an alkalinizer (Meylon® injection 7%, Otsuka Pharmaceutical Co., Ltd, 833 mM NaHCO~3~) were used at their original concentrations.

The process of loading HTB onto the various TCP powders was carried out aseptically as follows: a supersaturated calcium phosphate solution, designated as RSM hereafter, was prepared by mixing Ringer\'s solution, Solita®-T No. 2 and Meylon® as shown in previous publication[@b41]. Three mg of TCP, Zn-TCP or Mg-TCP powders was sterilized at 160°C for 3 h, dispersed into 150 μL of RSM solution and sonicated for suspension. Then, 2 mL of the supersaturated RSM was supplemented with 200 μL of 5-times-concentrated Ancer and 15 μL of the above suspension. HTB was loaded onto the TCP particles by coprecipitation with low-crystallinity apatite (Ap). The coprecipitation reaction was conducted under continuous stirring at a speed of about 200 rpm at 25°C for 1 day. After centrifugal separation and freeze-drying, the obtained samples were designated as T-Ap-HTB, Mg1-Ap-HTB, Mg1.5-Ap-HTB, Mg3-Ap-HTB, Mg6.8-Ap-HTB, Zn1-Ap-HTB, Zn1.5-Ap-HTB, Zn3-Ap-HTB and Zn6.8-Ap-HTB. The samples prepared under the same conditions without HTB were designated as T-Ap, Mg1-Ap, Mg1.5-Ap, Mg3-Ap, Mg6.8-Ap, Zn1-Ap, Zn1.5-Ap, Zn3-Ap and Zn6.8-Ap.

Physiochemical characterizations
--------------------------------

The morphology of powder particles was observed using a field-emission scanning electron microscope (FESEM, S-4800, Hitachi, Japan) at an acceleration voltage of 10 kV after being coated with platinum. The contents of Mg and Zn in Mg-TCP and Zn-TCP powders were analyzed by energy dispersive x-ray spectroscopy (EDX) and inductively coupled plasma atomic emission spectrometer (ICP: SPS7800, Seiko Instruments, Inc.), respectively. Crystalline phase was analyzed by X-ray diffraction (XRD) analysis using CuKα X-ray at 40 kV and 300 mA by powder X-ray diffractometry (Model RINT 2400; Rigaku, Japan). Fourier transform infrared spectrometry (FTIR) was carried out using an FTIR-350 spectrometer (JASCO Corporation, Japan) by the KBr pellet method. The RSM solution before and after coprecipitation was quantitatively analyzed for calcium and phosphorus using an inductively coupled plasma atomic emission spectrometry (ICP: SPS7800, Seiko Instruments, Japan). After immersing T-Ap, Zn-Ap, or Mg-Ap in ultrapure water at concentrations of 1, 4, and 10 μg/mL for 5, 20 and 42 h, calcium, phosphorus, magnesium or zinc concentration was also measured by ICP. Zeta potential was evaluated from the electrical mobility distribution of each particle using zeta-potential and particle size analyzer ELS-Z (Otsuka Electronics Co., Ltd., Osaka, Japan) by dispersing the samples in phosphate-buffered saline (PBS(-)) solution at 0.15 mg/mL. To measure the distribution of the hydrodynamic radius of as-prepared TCP, Mg-TCP and Zn-TCP particles, dynamic light scattering (DLS) measurement was performed by dispersing the particles in PBS(-) solution at 0.15 mg/mL with a multi angle DLS optical system (Otsuka Electronics Co., Ltd., Osaka, Japan) using a laser at a wavelength of 533 nm. The data was analyzed using ALV-Correlator Software (ALV Ltd., Germany).

*In vitro* immunogenic activity test
------------------------------------

To determine immunogenic activity, the amount of GM-CSF secreted by THP-1 cells (human lymphocyte-like cells, Riken Bio Resource Center, Japan) after differentiation into macrophage-like cells and in the presence of the sample powders was quantified *in vitro*. Firstly, 0.5 mL of THP-1 cell suspension (2 × 10^6^ cells·mL^−1^) was poured into a well of a 24-well cell culture plate and the cells were induced to differentiate into macrophage-like cells in a differentiation medium, i.e., RPMI1640 (Invitrogen, USA) supplemented with 10% fetal bovine serum (Invitrogen, USA) and 800 nM phorbol 12-myristate 13-acetate (PMA, Sigma, USA), for 4 days. Then; the cells that adhered on the cell culture wells, considered as macrophage-like cells, were washed twice with PBS(-) and precultured in 1 mL of fresh RPMI1640 without PMA for another day. After the preculture, the medium was changed to a medium with sample concentrations of 1--10 μg/mL. After a 40-h culture of the macrophage-like cells with the samples, the medium was analyzed for GM-CSF secreted by macrophage-like cells using a high-sensitivity (h)GM-CSF ELISA system (Thermo Fisher Scientific Inc. USA). Note that when samples can immunologically stimulate macrophage-like cells appropriately, the cells secrete a certain amount of GM-CSF in response to the stimulation. HTB, Mg-Ap-HTB, Zn-Ap-HTB adjuvants were tested simultaneously using the same set of cells.

The cytotoxicity test was performed as follows: After a 1d, 2d and 3d culture of the macrophage-like cells with the samples, the medium was taken out for the above ELISA test and a new medium was added. Then, the macrophage-like cells were counted using a CCK-8 kit (Dojindo Molecular Technologies, Japan) in accordance with the manufacturer\'s instructions. HTB, Mg-Ap-HTB, Zn-Ap-HTB adjuvants were tested simultaneously using the same set of cells.

*In vivo* immunogenic activity test
-----------------------------------

The flowchart of the *in vivo* immunogenic activity test of the samples is shown in [Fig. S1](#s1){ref-type="supplementary-material"}. The *in vivo* test was carried out following the three steps described below:

Step 1: Live Lewis lung carcinoma (LLC) cells (5 × 10^5^ cells/mouse, Riken Bio Resource Center, Japan) were injected subcutaneously into the left flank of the mice. After 7-10 days, solid tumors formed in the regions where LLC cells were injected. The tumor tissue was surgically removed from each mouse and immersed in liquid nitrogen for 30 min. Then, the tumor tissue was homogenized with a CryoMill (MM200, Retsch Co., Ltd., Germany) to be used as autologous tumor antigens for individual mice.

Step 2: 3, 7 and 14 days after the removal of the tumor tissue, 0.6 mg of Mg1.5-Ap-HTB, Zn1.5-Ap-HTB and T-Ap-HTB, or 0.8 μg of unprocessed HTB mixed with the homogenized tumor tissue were injected into the original tumor site; the samples were injected three times for each mouse. Tumor recurrence around the original tumor site was carefully observed twice a week until step 3.

Step 3: One month after step 1, live LLC cells (5 × 10^5^ cells/mouse) were re-challenged subcutaneously into the right flank of the mice without tumor recurrence on the left side. Tumor development on the right flank in the re-challenged mice was monitored for 29 days. Percent of mice without development of re-challenged tumor on the right flank of mice was analyzed by a Kaplan--Meier log rank test. Differences were considered significant at P\<0.05. To determine the cytokine or marker contents for cell-mediated immunity (GM-CSF, interleukin-2 (IL-2), tumor necrosis factor-α (TNFα), interleukin-12 (IL-12) and interferon-γ (IFNγ)) in the spleen, the spleen was excised and digested with a tissue protein extraction reagent (Thermo Fisher Scientific Inc. USA). The GM-CSF, IL-2, TNFα, IL-12 and IFNγ contents of the spleen were then determined with an ELISA system (Thermo Fisher Scientific Inc. USA). These cytokine contents were normalized by dividing them by the weight of the spleen. Contents of cytokines relating to cell-mediated immunity in mice spleen were analyzed by a Student\'s t-test. Differences were considered significant at P\<0.05.

All the animal experiments were permitted by the Ethical Committee of the National Institute of Advanced Industrial Science and Technology (AIST), Japan. All the animal experiments and feeding were carried out in accordance with the guidelines of the Ethical Committee of the National Institute of Advanced Industrial Science and Technology (AIST), Japan.
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![XRD patterns of TCP, Mg-TCP (A) and Zn-TCP (B) powders.](srep02203-f1){#f1}

![Distributions of hydrodynamic radius of Mg6.8 (A) and Zn6.8 (B) dispersed in PBS(-) obtained by dynamic light scattering measurement at various incidence angles of laser (from 30--100°).](srep02203-f2){#f2}

![Electrical mobility distributions of TCP, Mg1.5 and Zn1.5 particles in PBS(-).](srep02203-f3){#f3}

![FESEM images of TCP (A-1), Mg1.5 (B-1), Zn1.5 (C-1), T-Ap-HTB (A-2), Mg1.5-Ap-HTB (B-2) and Zn1.5-Ap-HTB (C-2).](srep02203-f4){#f4}

![GM-CSF secretion by macrophage-like cells after cultured in the original culture medium, culture media containing HTB, Mg-Ap-HTB (A), and Zn-Ap-HTB (B) adjuvants (n = 8).](srep02203-f5){#f5}

![*In vitro* cell viability of macrophage-like cells after cultured in the original culture medium, culture media containing T-Ap-HTB, Mg-Ap-HTB (A), and Zn-Ap-HTB (B) adjuvants (n = 3\*2).](srep02203-f6){#f6}

![Percent of mice without development of re-challenged tumor on the right flank of mice over time after re-challenge of LLC cells.\
(\* P\<0.05 vs.HTB group, n = 12).](srep02203-f7){#f7}

![Contents of cytokines relating to cell-mediated immunity in mice spleen after 29 days from re-challenge of LLC cells.\
GM-CSF (A), IL-2 (B), TNFα (C), IL-12 (D) and IFNγ (E). Red solid circles with error bars show the mean value and standard deviation (\* p\<0.05, n = 12).](srep02203-f8){#f8}
